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ABSTRACT
This project evaluates the ability of terahertz (THz) radiation to dierentiate can-
cerous from non-cancerous human breast lumpectomy and mastectomy tissue. This
is done by aiming a narrow-band THz beam at medical samples and measuring re-
ected power. THz images of specimens from Breast Conservation Surgery (BCS)
were created using a gas laser source and mechanical scanning. The design and char-
acterization of this system is discussed in detail. The images were correlated with
optical histological micrographs of the same specimens and discrimination values of
more than 70% were found for ve of the six samples using Receiver Operating Char-
acteristic (ROC) analysis.
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CHAPTER 1
INTRODUCTION
This project evaluates the ability of terahertz (THz) radiation to dierentiate can-
cerous from non-cancerous human breast lumpectomy and mastectomy tissue. This
is done by aiming a narrow-band THz beam at medical samples and measuring re-
ected power. Cancerous regions are more reective, possibly because they contain
more water. As shown in Table 2.3, there was already evidence that dierent tissue
types reect dierent amounts of THz power.
Our work is funded by the National Institutes of Health (1R21CA143660-01A1) and
is in collaboration with The University of Massachusetts Medical School in Worces-
ter. The goal of the NIH proposal was to design and use a prototype THz device to
assess excised samples after Breast Conservation Surgery (BCS). In BCS, surgeons
remove tissue until surfaces of excised esh appear not to contain cancer. Afterward,
if histologists do not nd a margin of healthy tissue around the excised samples, a re-
peat surgery is necessary. More than 20% of procedures leave positive margins which
require repeat surgeries [Jac08]. An operating room device for quick assessment of
tissue margins would reduce the number of operations while enabling surgeons to be
more conservative with excisions.
THz has advantages over X-rays because it is non-ionizing and, as determined with
Time Domain Spectroscopy (TDS), has greater contrast between tissue types [PMLF+07].
Non-ionizing radiation is favorable because it does not have enough energy to dam-
1
age molecules in living cells by removing electrons. Imaging with a narrow-band
THz source, sometimes known as Frequency Domain THz Imaging (FDTI), has an
advantage over TDS because forthcoming generations of FDTI cameras could use
technologies such as those described by Ojefors et al. to be compact enough for prac-
tical operating room use [OPLR09].
Terahertz imaging has potential for the detection of breast cancer and also skin,
cervical, and colon cancers [CFSPM12]. Research has been done with THz pulsed
imaging using commercially available time domain systems, including application of
techniques from taking a ratio of two points on the time-domain response [FWJL+06]
to using support vector machines (SVM) and principal component analysis (PCA)
[FPP+12]. However, THz imaging performance lags behind other imaging modalities
such as MRI, Raman spectroscopy, and confocal microscopy. It is thought that com-
bining THz imaging with other imaging techniques might make it a competitive tool
to aide in cancer diagnosis. A example of this, albeit at optical frequencies, is the
work of Patel et al., which combines dye-enhanced macroscopic polarization imaging
with multimodal confocal microscopy for the detection of breast cancer [PKW+12].
2
CHAPTER 2
MEASUREMENT APPARATUS
The apparatus consists primarily of a THz laser source and a series of optical elements
for focusing the beam onto a sample and then focusing the reected beam onto a
detector. A computer records detector output while positioning the sample with two
motorized platforms. Images are created by calculating refractive index based on
reected power and mapping it to a color scale.
2.1 Laser Source and Modulator
THz radiation is in the far infrared (FIR) region and may be generated with a laser
system. The system available to this project was originally constructed for radio
astronomy at the South Pole [GYN+03]. It is a cascade of two lasers which is ca-
pable of operation at one of many frequencies, depending on gas selection and ad-
justment of laser tube lengths. The output of a CO2 laser enters an FIR laser tube
which contains diuoromethane gas. The wavelength of the CO2 laser is approx-
imately 10m and the power is 30W. The combination of approximately 85mTorr
diuoromethane with 9P10 tuning of the CO2 laser creates a 650W beam with a
frequency of 1:8912743THz[Dou89] and polarization perpendicular to the optics table.
Proximate verication of that frequency was made with a Michelson interferometer.
Polarization was tested by rotating a grating of thin and uniformly-aligned wires until
the beam was most severely attenuated.
The FIR laser is modulated by diverting the CO2 beam path with an acousto-optic
3
modulator (AOM). This type of modulator works by allowing the compression and
rarefaction of sound waves to eectively change refractive index within a transparent
material. It may be operated as a Raman-Nath device, which has many diracted
orders, or as a Bragg device, which concentrates most of the power into the zeroth
and rst orders. The Bragg conguration is preferred for application as a modulation
switch and is achieved when L < 2=, where L is the interaction length between the
laser beam and sound eld,  is the sound wavelength, and  is the laser wavelength
[Int]. For maximum eciency of a Bragg device, the incident laser beam must make
an angle of incidence with the sound eld of B = =(2). It is best to use the
rst-order diraction beam, which, unlike the zeroth-order beam, allows none of the
laser to pass when no sound wave is applied.
2.2 Beam Splitter
The laser beam was made normal to the sample in consideration of potential future
in-vivo applications and for avoidance of birefringence eects in the crystal sample
cover. Since incident and reected beams occupy the same space, normal incidence
requires a beam splitter. Our beam splitter is oriented at 45 degrees and is made of
25m Mylar, which has a refractive index of 1.79 [Zha05].
As shown in Figure 2.4 on page 10, the beam is reected by the beam splitter,
reected by the sample, then transmitted through the beam splitter on its way to
the detector. Minimization of beam splitter losses therefore becomes maximization
of AB, such that A = (1 B), where A and B are reected and transmitted power.
The solution is A = B for a best possible eciency of 25%.
The two air/surface boundaries of the Mylar sheet may be considered as an etalon,
4
which is two parallel reective surfaces that create an interferometric eect by trap-
ping radiation.
Figure 2.1: Fabry-Perot Etalon
The transmission coecient, T , was calculated as follows, where F is the coecient
of nesse { a measure of the peakedness of transmission as a function of wavelength
(analogous to Q-factor in the eld of electronics) [Gol98]:
T =

1 + F sin2


2
 1
; (2.1)
F =
4j j2
(1  j j2)2 : (2.2)
Equations 2.1 and 2.2 were derived using an innite series to account for multiple
reections. Fresnel's equation was used to determine the reection coecient for
Equation 2.2, where  and n are the angles and refractive indices as labeled in Figure
2.1:
 ? =
n1 cos 1   n2 cos 2n1 cos 1 + n2 cos 2
 : (2.3)
In Equation 2.1,  represents the phase dierence between successive surface reec-
tions.
 = 2   1; (2.4)
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where 2 accounts for phase lag in the n2 material between entry and exit points and
1 accounts for the phase lead necessary before incoming and outgoing beams are
aligned to interfere.
2 = k2 RPL; (2.5)
where k2 is the wavenumber (2n2=0) and RPL is return path length, which is the
sum of the magnitudes of the two vectors in the n2 material. 2 can be expanded by
applying trigonometry to Figure 2.1:
2 =

2n2
0

2d
cos 2
: (2.6)
1 is zero if the beam is normally incident upon the n2 material. Otherwise, it is
the wavenumber multiplied by the distance between the beam entry and exit points
shown in Figure 2.1, multiplied by sin 1:
1 =
2n1
0
(2d tan 2) sin 1: (2.7)
Snell's Law may be used to account for refraction and express 1 in terms of 2 or
vice versa:
sin 1
sin 2
=
n2
n1
: (2.8)
Dening n1 as the refractive index of free space (n1 = 1), equations 2.4, 2.6, 2.7, and
2.8 may be combined for a rened expression of phase dierence:
 =

4d
0
p
n22   sin2 1: (2.9)
Figure 2.2 shows that T is 73% when 25m Mylar is used to make a beam splitter
oriented at 45 degrees. The eciency is then 73%(1   73%) = 19:7% as opposed to
the optimal value of 25% as discussed above. The gure shows that increasing 1
could provide a transmission coecient closer to the 50% target.
6
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Figure 2.2: Etalon or Fabry-Perot Eect of the Mylar Beam Splitter at 1.89THz
The reason for the periodic dips in Figure 2.2 is that maximum reection occurs when
there is maximum constructive interference at the material boundary between n1 and
n2, which is when phase dierence corresponds to =2 + N. The rst minimum
will therefore occur when  equals . Equation 2.9 can be rearranged to solve for d,
producing a value which can be veried against the gure:
d = 

0
4

1p
n22   sin2 1
= 

159m
4

1q
1:792   sin2 
4
= 24:2m: (2.10)
2.3 Focusing Elements
The layout of focusing elements was designed in the same way that Gaussian beam
telescopes are designed. To do this, mirrors were regarded as lenses of innitesimal
thickness. The design was evaluated using ray transfer matrices.
2.3.1 Initial Design using the Gaussian Beam Telescope Method
A Gaussian beam telescope is a telescope in which the sum of the focal lengths
between any two focusing elements is equal to the distance between those elements
7
[Gol98]. The utility of such a system is made clear with a derivation of back focal
length (BFL).
Figure 2.3: Basic Lens Scenario
In Figure 2.3, OFE and CFD are similar triangles by the angle-angle rule. Side ratios
of those similar triangles are equal and may be expressed in terms of image distance
and focal length:
CD
OE
=
CF
OF
=
di   f
f
: (2.11)
AOB and COD are also similar angles by the angle-angle rule. Side ratios are then
equal to a ratio of image distance to object distance:
CD
AB
=
CO
AO
=
di
do
: (2.12)
Because EB is parallel to OA, we know AB=OE. Equations 2.11 and 2.12 may be
combined to create an equation relating f , do, and di:
CD
AB
=
di   f
f
=
di
do
; (2.13)
1
f
=
1
do
+
1
di
: (2.14)
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Because there was no accounting for the eects of light passing through lens material
beyond that of ideal focusing behavior, it may be said that the equation is valid only
for innitesimally thin lenses. In fact, Equation 2.14 is commonly known as the Thin
Lens Formula.
Supposing an arrangement of 2 lenses, the distance between the 2nd lens and the
focal point between those lenses would be the distance between lenses minus the fo-
cal length of the rst lens. That distance can replace do in a Thin Lens Formula
treatment of the 2nd lens:
1
f2
=
1
dbetween   f1 +
1
di
: (2.15)
di now corresponds to the distance from the second lens to the focal point of the lens
combination. This is commonly known as back focal length (BFL):
BFL =
f2(dbetween   f1)
dbetween   (f1 + f2) : (2.16)
Here it can be seen that BFL is innite if the sum of focal lengths is equal to the dis-
tance between lenses. Such setups are afocal and sometimes referred-to as Gaussian
beam telescopes or Newtonian telescopes [Sie86]. Following this rule vastly simplied
design because knowing focal points only required consideration of the previous ele-
ment.
A basic representation of the nal design is shown in Figure 2.4, where non-focusing
at mirrors are unlabeled. Although this design began with the Gaussian beam tele-
scope concept, small adjustments have been made such that the distance between
elements is not always equal to the sum of their focal lengths. Elements m1 through
9
m5 are curved mirrors with specications given in Table 2.1. A photograph is provided
in Figure 2.5.
Figure 2.4: Focusing Element Layout
Label Position [mm] Focal Length [mm] Description
m1 75 75 O-Axis Paraboloidal Mirror
m2 912 762 Spherical Mirror
m3 1674 89 O-Axis Paraboloidal Mirror
1763 Sample
m3 1852 89 O-Axis Paraboloidal Mirror
m4 2267 326 O-Axis Paraboloidal Mirror
m5 2450 75 O-Axis Paraboloidal Mirror
2500 Detector
Table 2.1: Details of Focusing Element Layout
10
Figure 2.5: Photograph of Focusing Element Layout
2.3.2 Evaluation using Ray Transfer Matrices
Ray transfer matrices were used to nd Gaussian beam width for all points along the
beam path. Gaussian beam optics uses the paraxial approximation to avoid a full
treatment of the diraction of electromagnetic waves and is commonly used in THz
setups [ZX09]. A paraxial ray is a ray which forms only small angles with the axis
of propagation so that simplifying approximations such as sin   , tan   , and
cos   1 may be used.
First-order ray transfer matrices were applied with an iterative technique using the
complex beam parameter, which is a combination of two beam dispersion parameters,
11
beam width and beam radius. Beam width follows from the denition of electric eld
strength in a Gaussian beam, described by
jEj = jE0je r=w; (2.17)
where r is distance from the axis of propagation, E0 is eld magnitude at r = 0, and
w is beam width for that particular point along the axis [Gol98]. When distance from
the axis equals the beam width, the eld strength is therefore reduced by a factor of
e. At the focal plane, beam width is referred-to as beam waist and denoted w0.
As axial distance from the focal point increases, beam width also increases. The
equiphase wavefront may be thought-of as a patch on the surface of a sphere of ra-
dius R. This radius is called the Gaussian beam radius and is the second beam
dispersion parameter. A beam with innite beam radius would have a planar wave-
front.
The two dispersion parameters are aggregated into a value, q, called the complex
beam parameter. R, w, and q are functions of z, where z is position along the axis
of propagation:
1
q
 1
R
  j 
w2
: (2.18)
Ray transfer matrices, sometimes called ABCD matrices, are used in iterative calcu-
lations of q as shown in (2.19), where Q is a normalization constant [Sie86]:
26664qn
1
37775 = Q
26664A B
C D
37775
26664qn 1
1
37775 : (2.19)
Two equations follow from the matrix multiplication:
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qn = QAqn 1 +QB; (2.20)
1 = QCqn 1 +QD: (2.21)
Dividing (2.20) by (2.21) allows for cancellation of the unknown constant:
qn =
Aqn 1 +B
Cqn 1 +D
: (2.22)
Thin lenses and free space may be represented as ABCD matrices with d as distance
and f as focal distance [Gol98]:
Mvacuum =
266641 d
0 1
37775 ; (2.23)
MthinLens =
266641 0
1
f
1
37775 : (2.24)
The combination of transfer matrices for our setup is as shown in (2.25), where
identity matrices for non-focusing elements have been excluded:
M =
266641 d5
0 1
37775
26664 1 0
 1
fm5
1
37775
266641 d4
0 1
37775
26664 1 0
 1
fm4
1
37775 : : :
266641 d1
0 1
37775
26664 1 0
 1
fm1
1
37775
266641 d0
0 1
37775 : (2.25)
Iterative calculations are seeded by knowing beam width at the source and setting
initial beam radius to innity. Using a Gaussian function, transmitted power may be
expressed in terms of beam width and aperture radius, a [Sie86]:
P =
2
w2
Z a
0
2re 2r
2=w2 dr = 1  e 2a2=w2 : (2.26)
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By evaluation of (2.26), more than 99% of Gaussian beam power is found to pass
through a hole of diameter d = w [Sie86]. The initial beam width is then approxi-
mately 4mm= for our 4mm circular aperture.
Real-valued beam width and radius of curvature may be extracted from the com-
plex beam parameter:
w(z) =
s  Imf1=q(z)g
; (2.27)
R(z) = Refq(z)g: (2.28)
500 1000 1500 2000 2500
Position [mm]
Detector →Sample →
m1 m2 m3 m3 m4 m5
Figure 2.6: Beam Width by Position
In Figure 2.6, the maximum beam width is about 13mm. The largest mirror must
therefore have a diameter of at least (13mm)  4cm. Figure 2.6 also shows that
beam widths at the detector and sample are about 600m. A more careful treatment
of beam width at the sample is provided in Section 2.9.
The beam is collimated only at the focal plane, before which it is converging and
after which it is diverging. The axial range over which the beam may be considered
reasonably collimated is known as the Rayleigh range [Dem03],
14
zR =
w0
2

: (2.29)
Using (2.29), acceptable margin of error for sample placement along the beam axis is
7mm.
2.4 Sample Cover
Because the system measures reected power, it cannot distinguish between rough
reective surfaces and at absorptive surfaces. For this reason, it is desirable to
atten samples with a material which is reasonably transparent to THz. Mylar and
quartz covers were tested. The cover chosen for medical measurements was 1.9113mm
single-crystal z-cut quartz.
2.4.1 Mylar
Available mylar thicknesses were 6m and 25m. Every attempt was made to keep
the plastic taut over the sample, including heat-shrinking. Even so, bulges persisted
as shown in Figures 2.7 and 2.8.
(a) Photo (b) THz
Figure 2.7: Mylar (6m) on Beef
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(a) Photo (b) THz
Figure 2.8: Mylar (6m) on Kiwi
2.4.2 Quartz of 1.9113mm
The rigidity of quartz gives it an advantage over Mylar. It has a tensile modulus of
more than 70N=m2, meaning that more than 2.5N of force would be required for a
1m deection at our dimensions (see Appendix A). Also, it has a Moh's hardness
of 7, making it dicult to scratch [Opt]. To replace Mylar, a quartz plate was
characterized as follows:
1. Separate power reectivity measurements were made for air and water using
quartz covers as shown in Figure 2.9. The dierence between those measure-
ments was 14.5dB.
Figure 2.9: Air and Water Measurement
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Each of the two measurement values was an average of 100 measurements at
a single spatial point, taken according to the general measurement description
given in Section 2.7.1. Standard deviations for air and water power reectivity
were 0.0024% and 0.089%.
2. Simulations were run for air (n=1) and water (n=2), plotting power reectiv-
ity as a function of cover thickness. The refractive index value for water was
calculated as explained in Section 2.8.2. The 14.5dB dierence found in (1)
corresponded to cover thicknesses of 1.9128mm+N/2 and 1.9113mm+N/2,
where  is 159m.
1.9 1.91 1.92 1.93 1.94 1.95 1.96
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0
Quartz Thickness [mm]
 
 
← (∆ = 14.5dB) @ 1.9128mm
n=1
n=2
Figure 2.10: Thickness from j 2j
Although thickness could have been any of several periodic values, 1.9113mm
and 1.9128mm were closest to an approximate measurement made with a mi-
crometer. This approximate thickness might also have been found using the
interferometric technique described in Section 3.1.
3. Diraction eectively attenuates the beam as it passes through the cover. From
simulation, which does not consider diractive losses, power reectivity was
11.22% for covered water. This value, which is equal to -9.5dB, can be seen
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in Figure 2.10 for n=2 at the relevant thicknesses. From measurement, which
necessarily includes diractive losses, power reectivity was 4.40%. The ratio
of these reectivities, 2.55, may be regarded as a correction factor.
4. For quartz thicknesses of 1.9113mm and 1.9128mm, j coveredSamplej2 was deter-
mined from simulation for a range of relevant refractive indices (see Table 2.3 on
page 37). The result was virtually identical for both thicknesses and is shown
in Figure 2.11. Because there would be virtually no performance dierence
between a 1.9113mm cover and a 1.9128mm cover, the thickness is arbitrarily
regarded as 1.9113mm for ease of communication. Before using the mapping of
Figure 2.11, measured power reectivities must be multiplied by the correction
factor.
0 2 4 6 8 10 12 14 16 18
1
1.5
2
2.5
|Γ
coveredSample|2 [%]
Simulation Result
Polynomial Approximation
Figure 2.11: Mapping between jnsamplej and j coveredSamplej2
All simulations were based on the schematic of Figure 2.12. The leftmost component
represents air above the sample cover, the middle component represents the sample
18
cover, and the rightmost component represents the sample. Schematic parameters
are dened in Table 2.2.
Figure 2.12: Agilent ADS Simulation Model
Property Description
Z Impedance [
]
L Physical Length
K Dielectric Constant
A Attenuation Constant [dB/m]
F Frequency
TanD Loss Tangent
Mur Relative Magnetic Permeability [H/m]
Sigma Conductivity [S/m]
Table 2.2: Quartz Properties for Schematic Model
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Applying n =
p
"r to the denition of impedance demonstrates why Z is expressed
as a ratio of free-space impedance to refractive index for each component of Figure
2.12:
 
r

"
=
r
0r
"0"r

r
0
"0"r
=
p
0="0p
"r
=
0
n
 376:73

n
: (2.30)
The eective dielectric constant, K (a.k.a. "r), must be known by the simulator to
account for electrical path length dierences. The relation between refractive index
and wavelength is similar to the relation between refractive index and impedance:
 =
p
f
=
p
c
 c
f
=

1
n

0: (2.31)
To demonstrate the importance of these changes in electrical path length, consider
that a material of the same physical length could be either =2 or =4 depending on
whether refractive index were 1 or 2. The design of a preliminary simulator, which
does not consider electrical path length dierences, is in Appendix B.
As shown in Figure 2.13, distance between periodic points of maximum transmission
is 37.5m. This can be veried as a half-wavelength by evaluation of (2.31). Refrac-
tive index was taken from Brehat et al., who reported n for quartz of 2:114+ j7  10 4
at 1.89THz.
20
1.9 1.91 1.92 1.93 1.94 1.95 1.96
−30
−25
−20
−15
−10
−5
0
Quartz Thickness [mm]
← −27.7288dB@1.912mm ← −27.5715dB@1.9495mm
Figure 2.13: Periodic Points of Minimum Reectivity
Dielectric constant, K, is the square of refractive index. It can be used to approximate
loss tangent:
tan   "
00 + (=!)
"0
 "r
00
"0r
; (2.32)
"r
00
"0r
=
Im(n2)
Re(n2)
=
2:96  10 3
4:469
= 0:00066: (2.33)
The attenuation parameter, A (a.k.a. ), may be calculated from loss tangent using
(2.34) as derived in Section 3.2:
 =
n
0
tan   n
0

"00r
"0r

; (2.34)
(2:114)
159m
(0:00066) = 27:6

Np
m

: (2.35)
The simulator required a unit conversion from the base-e Neper unit to the base-10
dB unit. In the following equations, D represents a dB quantity, N represents a Neper
quantity, and A represents a ratio of eld quantities:
[Np] = loge (A) ; (2.36)
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[dB] = 20 log10 (A) ; (2.37)
N logeA = D(20 log10(A)); (2.38)
D =
N logeA
20 log10A
=
N logeA
20 (logeA) log10 e
=

N
20 log10 e

; (2.39)
27:6[Npm 1]
20 log10 e
= 3:2

dB
m

: (2.40)
At 3.2dB of loss per meter, it is evident why quartz is a material of choice for optics
work. Of course, diraction would present an additional loss.
2.4.3 Quartz of 0.475mm
The covered air and water measurements of the previous section were also made for
0.475mm quartz. Because the measured dierence was about 10dB less than for the
1.9113mm quartz, it was decided to use the 1.9113mm quartz. Greater power reec-
tivity dierence means easier sample classication.
An attempt was made to achieve a more amenable thickness by stacking 0.475mm
quartz plates. However, probably due to an etalon eect between plates, the power
reectivity dierence between air and water measurements was less than 1dB.
2.4.4 Quartz of Random Thickness
Quartz cover specications are critical to the experimental setup. However, many
research groups make little or no mention of the quartz cover. It is possible that luck
has been on their side.
The cumulative distribution function (CDF) in Figure 2.14 shows that, given a rea-
sonably thin quartz cover of random thickness, there is a 95% chance that power
reectivity dierence between covered air and covered water measurements will be
less than our value of 14.5dB. The CDF was created empirically by rst calculating
the dierence between the n = 1 and n = 2 curves for a single period in Figure 2.10.
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Figure 2.14: CDF
The probability density function (PDF) in Figure 2.15 shows that a 4dB dierence
would have been more likely.
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Figure 2.15: PDF
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2.5 Sample Holder
2.5.1 Machined Acrylic
The present sample holder design is shown in Figure 2.16. It avoids the diraction and
meniscus concerns of the calibration basin design (see Section 2.5.2) and was relatively
easy to machine. It consists of two pieces of acrylic, each approximately 6.5cm by
6.5cm by 0.5cm. The top square has a 3cm thru-hole cut from its center. The bottom
piece has a 3cm square milled from its center with a depth of roughly 0.25cm. Using
screws, the sample cover is tightly sandwiched between the two squares, with the
sample itself pressed within the 0.25cm milled hole.
Figure 2.16: Acrylic Sample Holder
In an attempt to reduce reections around the sample, an absorptive backing material
was made at the Center for Hierarchical Manufacturing (CHM) at The University of
Massachusetts in Amherst. A solution of carbon nanotubes was spun onto cardboard
and dried. This absorber performed only marginally better than cardboard without
nanotubes.
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2.5.2 Design with a Calibration Basin
The preliminary design was created using Google Sketchup CAD software. The base
is shown in Figure 2.17. Medical samples would go on the left 2cm-by-2cm pedestal
and a solution of water and ethanol would go in the basin on the right to provide a
calibration measurement for each row of a scanned image. The left cover would t
snugly into the groove which surrounds the pedestal and the right cover would slide
onto the four pegs at the basin corners. Heights for left and right covers could be
made equal by placement of appropriate washers on the pegs.
Figure 2.17: Base of Preliminary Sample Holder
In Figure 2.18, sample cover material is tinted yellow and absorber material is dark
red.
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Figure 2.18: Covers for Preliminary Sample Holder
2.6 Detectors
The detectors measure laser power, which is modulated by diverting the excitory
CO2 beam with an acoustically produced diraction grating. The diraction grating
is controlled by a 10Hz, 50% duty cycle square wave. Detector outputs, along with
the square wave reference, go to lock-in ampliers whose operation is explained in
Section 2.7.1.
Measurements were initially made with only a Molectron P4-42 pyroelectric detector.
Sensitivity was insucient so it was replaced with a liquid-helium cooled bolometer.
The current setup uses both detectors in the manner described in Section 2.8.1.
2.6.1 Pyroelectric Detector
The Molectron P4-42 pyroelectric detector operates by allowing radiation to heat a
lithium tantalate (LiTaO3) crystal. As temperature increases, crystal lattice spac-
ings change, thus changing the polarization properties, thereby changing current ow
through a transimpedance amplier. Noise equivalent power of 90nW=
p
Hz is valid,
26
according to the datasheet, for 10Hz to 800Hz [Mol].
Measured detector response for dierent modulation frequencies is shown in Figure
2.19. For those measurements, water was placed in the sample location.
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Figure 2.19: Pyroelectric Detector Frequency Response
2.6.2 Bolometer
The liquid-helium cooled bolometer, a model HDL-5 from Infrared Laboratories, is
more sensitive than the pyroelectric detector and has a noise equivalent power of
approximately 1pW=
p
Hz. It works by allowing signals to heat a bulk silicon resistor.
This detector exhibits a 1=f frequency response as shown in Figure 2.20.
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Figure 2.20: Bolometer Detector Frequency Response
For highest detector response, it seems reasonable to use the lowest practical modu-
lation frequency for both detectors. However, below a certain modulation frequency,
waveforms from the detectors contain high frequency components and variance in-
creases. A good balance for the pyroelectric detector is 10Hz. Although the bolome-
ter operates best at modulation frequencies of 50Hz or more, 10Hz was chosen to
accommodate the lesser of the two detectors.
2.7 Lock-In Ampliers and Data Capture
2.7.1 Discrete-Position Measurements
Each of the two detectors is connected to a separate lock-in amplier. In this section,
the terms lock-in and lock-in amplier are used interchangeably. For an explanation
of the role of each detector, see Section 2.8.1.
While reading values from the lock-in, the computer controls two motorized plat-
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forms which position the sample. These movements cause samples to be measured
in the chronological order shown in Figure 2.21. The number of rows, number of
columns, and spatial intervals between pixels are all variable. Generally, 2cm square
images are made at 1mm intervals.
Figure 2.21: Chronological Order of Measured Pixel Positions
The lock-in which connects to the bolometer has a time constant of 0.5s. The lock-in
which connects to the pyroelectric detector has a time constant of 1s. These values
were chosen qualitatively by monitoring signal volatility. They also fall within reason-
able quantitative bounds because each time constant contains at least 5 modulation
cycles and each pixel measurement has a duration of at least 5 time constants (5s).
Lock-in ampliers use phase sensitive detection to achieve narrow bandwidths [Sta].
The noise introduced by any amplier is
Vnoise = G(NSD)
p
BW; (2.41)
where NSD is noise spectral density in units of V=
p
Hz, BW is amplier bandwidth,
and G is voltage gain.
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The advantage of using a lock-in amplier can be put into context by comparing a
lock-in setup to a low-noise amplier (LNA) and low-pass lter combination. Assum-
ing noise spectral density and gain to be the same for both setups, the performance
dierence is a function of bandwidth dierence. At a 10Hz modulation frequency, the
bandwidth of an LNA with a Q=10 bandpass lter would be 10Hz=10 = 1Hz. To
calculate bandwidth for the lock-in, we start with the general dierential equation for
a rst-order linear time invariant system,
dV
dt
+
1

V = g(t); (2.42)
where V (t) is the time-dependent voltage output and g(t) is a sinusoidal forcing
function. This is an approximation because, as described in the previous section,
detector output is not exactly sinusoidal. A convenient forcing function,
g(t) = Aej!t; (2.43)
contains real and imaginary sinusoidal functions rather than a single sinusoid. Later,
this will be accounted-for by taking the magnitude. A rst step in solving for V (t) is
the multiplication of both sides by an unknown integrating factor, (t):
(t)
dV
dt
+ (t)
1

V = (t)Aej!t: (2.44)
The integrating factor is dened in such a way that the left side of (2.44) will assume
the form of the product rule:
(t)  
0(t)
1=
; (2.45)
(t)
dV
dt
+ 0(t)V = ((t)V (t))0: (2.46)
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The product rule form is substituted into (2.44) and both sides are integrated to nd
an expression for V (t):
((t)V (t))0 = (t)Aej!t; (2.47)Z
((t)V (t))0dt =
Z
(t)Aej!tdt; (2.48)
V (t) =
R
(t)Aej!tdt+ C
(t)
: (2.49)
The chain rule is used to rearrange the (t) denition and substitute the derivative
of a natural logarithm:
(g (f(t)))0 = (g0 (f(t)))  f 0(t) =) (ln(t))0 =

1
(t)

0(t); (2.50)
(t)  
0(t)
1=
=) (ln(t))0 = 1

: (2.51)
Both sides are integrated to nd an expression for the integrating factor:
Z
(ln(t))0 dt =
Z
1

dt; (2.52)
(t) = e
R
(1=)dt+D = Eet= : (2.53)
Substitutions are made for (t), C/E is replaced by V0, and the denite integral is
evaluated:
V (t) =
R
Eet=Aej!tdt+ C
Eet=
; (2.54)
V (t) = Ae t=
Z t
0
et
0(1=+j!)dt0 +V0e t= ; (2.55)
V (t) = V0e
 t= +
Ae t=
1= + j!
 
et=ej!t   1 ; (2.56)
V (t) = V0e
 t= +
A
1= + j!
 
ej!t   e t= : (2.57)
The steady-state response is the response as time goes to innity:
V1(t) =
Aej!t
1= + j!
; (2.58)
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jV1(t)j = A 1p
(1=)2 + !2
= A
1p
1 + (!)2
: (2.59)
The half-power point will occur where the eld response is 1=
p
2. From inspection
of (2.59), this will happen when ! = (2f3dB) = 1. The half-power frequency is
therefore
f3dB =
1
2
: (2.60)
The bandwidth is dened as the frequency range from from 0Hz to f3dB:
BW = f3dB   0Hz = 1
2
: (2.61)
For the bolometer time constant of 0.5s, bandwidth is 0.32Hz. The noise power
is therefore about 3 times less for the lock-in setup than for the LNA and lter
combination.
2.7.2 Continuous-Velocity Measurements
Instead of moving the motorized platform at discrete intervals, the sample was moved
at a constant velocity for each horizontal sweep. These measurements were made
when the bolometer, which can operate at high modulation frequencies, was the only
detector in the system.
Considerable experimentation was done for determination of optimal platform ve-
locity, time constant, and modulation frequency. One acceptable combination was
1mm/s, 20ms, and 50Hz. Improper combinations caused image artifacts such as that
shown in Figure 2.22. For this example, the time constant was too large, causing
smearing of what should have appeared as a rectangle. Examples of continuous-
velocity measurements with appropriate settings may be seen in Figures 2.8, 2.38,
and 4.3.
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Figure 2.22: Time Constant Artifact
2.8 Calibration
2.8.1 Dual Detector Method
Frequent calibration was necessary because of laser source uctuations. To calibrate
a single-detector system, the sample holder of Section 2.5.2 was designed with a side
basin for calibration liquid.
The presently employed method instead uses two detectors for continuous calibra-
tion. For convenience, pyroelectric detector and pyro are used interchangeably in this
section. Near the output aperture of the laser source, a 25m beam splitter diverts
half the beam to be focused onto the pyroelectric detector. For this, a 150mm o-axis
paraboloidal mirror (OAP) was placed 700mm after the laser aperture and the pyro
was placed 200mm after the OAP. The beam splitter is placed between elements m1
and m2 of the original setup as shown in Figure 2.23. Beam width is shown in Figure
2.24.
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Figure 2.23: Element Layout Updated with Calibration Branch
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Figure 2.24: Beam Width from Laser to Calibration Detector
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Power of the laser source, S, is attenuated by GlaserToPyro along its path to the pyro
detector, which has a response of Gpyro. Power reported by the pyro, P , can be
calculated with
P = SGlaserToPyroGpyro: (2.62)
The power of the laser source, S, is attenuated by GlaserToSample along its path to the
sample, where sample power reectivity may be denoted as R. The power is then
attenuated by GsampleToBolometer along its path to the bolometer, which has a response
of Gbolometer. The power reported by the bolometer, B, is calculated with
B = SGlaserToSampleRGsampleToBolometerGbolometer: (2.63)
S cancels when a ratio of B and P is taken. The remaining gain terms may be
aggregated into a constant, Q, as in
B
P
= R

GlaserToSampleGsampleToBolometerGbolometer
GlaserToPyroGpyro

= RQ: (2.64)
Q may be determined by evaluating B=(PR) for a sample of known R. Silicon is
used, which has R = 0:299. [JMY+00].
After solving for Q with a calibration measurement, the silicon may be replaced with
any sample of interest. Sample power reectivity follows from evaluation of B=(PQ).
Because Q contains only system constants, re-calibration is unnecessary. It should be
mentioned that what has been referred-to as a sample in this section, except for the
silicon sheet, was a combination of a sample material and a quartz cover. To compen-
sate for cover eects, additional calculations are necessary as described in Section 2.4.
Figure 2.25 shows a measurement (Sample 7A) in which laser power decreased. With-
out two-detector calibration, the result would not have been useful.
35
0 5 10 15 20 25 30 35 40 45
0
5
10
15
B
ol
om
et
er
O
ut
pu
t [
mV
]
0 5 10 15 20 25 30 35 40 45
0
2
4
6
Py
ro
O
ut
pu
t [
mV
]
0 5 10 15 20 25 30 35 40 45
0
5
10
Time [minutes]
R
 =
 B
/(P
Q)
 [%
]
Figure 2.25: Laser Power Changing During Measurement
2.8.2 Ethanol Solution Method
The system can be calibrated by measuring a material of known reectivity. Power
reectivity of water was calculated by using the Double Debye Model as described
by Jepsen et al. [JMM07]. In this model, 1 and 2 are relaxation times, "s is static
dielectric constant, and "1 and "1 are parameters indicating the amount of coupling
between the relaxation mode and electric eld:
"r (!) = "1 +
"s   "1
1  j!1 +
"1   "1
1  j!2 : (2.65)
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For a laser frequency of 1.89THz, the relative electrical permittivity is 3:80   j1:48
from evaluation of (2.65). With j"rj =
p
3:802 + 1:482 = 4, power reectivity may be
calculated as
j waterj2 =
 pj"rj   1pj"rj+ 1
!2
=

2  1
2 + 1
2
=
1
9
: (2.66)
Jepsen et al. has a similar treatment for ethanol [JMM07]. The Triple Debye Model,
"r (!) = "1 +
"s   "1
1  j!1 +
"1   "2
1  j!2 +
"2   "1
1  j!3 ; (2.67)
evaluates to a dielectric constant of 2.09, which is equivalent to a refractive index of
1.45 or a power reectivity of 3.32%. The expected power reectivities for human
tissues were calculated using dielectric properties as measured by Ashworth et al.
[APMP+09]. Values for all these materials are shown in Table 2.3.
jnj j j2
Water 2.00 11.1%
Carcinoma 1.97 10.7%
Fibrous Tissue 1.85 8.9%
Adipose Tissue 1.57 4.9%
Ethanol 1.45 3.3%
Table 2.3: Refractive Index and Power Reectivity by Calibration Fluid and Tissue
Type
To make frequent calibration measurements, the calibration uid should have a reec-
tivity similar to that of the medical samples. Water, with a power reectivity of more
than 11%, is more reective than medical samples at 1.89THz. However, solutions of
water and ethanol can be mixed to produce a better calibration uid because ethanol
reects less than water and because power reectivity has a near-linear relationship
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with ethanol concentration [JMM07]. To verify this, power reectivity measurements
were made of dierent ethanol concentrations.
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Figure 2.26: Ethanol Reectivity and Corresponding Tissue Types at 1.89THz
The preliminary measurements of Figure 2.26 were made with a single-detector version
of our measurement setup. The system no longer uses this ethanol solution method.
Using liquids was messy and error-prone due to measurement imprecision and surface
tension eects. Instead, the method of Section 2.8.1 is used.
2.9 Resolution
The THz beam is cropped by a circular aperture as it exits the laser source. The
resulting far-eld diraction pattern, known as an Airy disk, is shown in Figure 2.27.
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Figure 2.27: System Beam Field Pattern (Airy Disk)
The central cross-section of an Airy disk is sometimes called a jinc function, so-named
for its similarity to the sinc function. It is written as
jinc(z)  J1(z)
z
; (2.68)
where J1(z) is a rst-order Bessel function of the rst kind. Bessel functions are
employed because they solve an expression for eld amplitude in a plane, known as
the general Huygens' integral [Sie86].
The resolution is sometimes dened as the distance from the center of an Airy disk to
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its rst null. If the centers of two identical Airy disks were closer than that distance,
they would no longer be resolvable. This is known as the Rayleigh criterion.
θ
A
z
Figure 2.28: Far-Field Diraction
In Figure 2.28, A is the aperture location and z is the distance from the aperture to
the projection. The half-angle, , may be approximated by
  1:22
D
; (2.69)
where D is the aperture diameter [Sie86]. A solution is found for the resolution, r,
by applying trigonometry to Figure 2.28 and using tan   , such that
r = z tan   z  z

1:22
D

: (2.70)
In our setup, z is also the focal length, f , of a focusing mirror. It is worth noting that
f=D is the denition of f-number, a commonly used term in optics and photography.
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The beam width radius at A is about 13mm as shown in Figure 2.6. The focal length
of the mirror over the sample is 89mm as shown in Table 2.1. Resolution can be
calculated as
r  f

1:22
D

= 89mm

(1:22)159m
2(13mm)

= 665m: (2.71)
Some error has been introduced because Gaussian beam optics was used to nd the
13mm beam width but this treatment uses Airy disk diraction.
A simple resolution metric is the distance between 10% power and 90% power in
a unit step measurement. For this, a gold mirror was masked with absorptive tape to
create a reective section in a 20mm line measurement. The length of this section was
5.1mm for the horizontal measurement and 5mm for the vertical. The discrepancy is
a result of the tape strips not being perfectly parallel. Figures 2.29 and 2.30 show the
resolution to be about 1.8mm for both cases. This is larger than the 1mm interval of
the motorized platform (see Section 2.7.1), so the system therefore oversamples with
regard to the point spread function (PSF). As empirically determined from the data
of Figure 2.27, the power within a 1mm pixel is about 75% of beam power.
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Figure 2.29: Horizontal Resolution Measurement
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Figure 2.30: Vertical Resolution Measurement
Another way of determining resolution is to consider that the measured power re-
ectivity result is the convolution of a squared Airy disk cross section with a single
rectangular pulse. The squared Airy disk cross section was stretched and compressed
along the horizontal axis until the convolution result resembled the measured data.
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The nal convolvement results are shown in Figures 2.29 and 2.30. Discrepancies
between the measurements and the t curves could be due to the sample not being
a perfectly reective stripe, excitation of higher-order modes in the FIR laser tube,
or the beam having diracted in an unexpected way. According to Siegman, a center
coupling hole in an FIR tube can introduce higher-order Hermite-Gaussian modes
[Sie86].
The power distribution is the area-normalized square of the Airy disk. To match
the 10% to 90% resolution value of 1.8mm, power within the resolution beam width
would be 85% of total beam power. Figure 2.31 applies to both the horizontal and
vertical scans.
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Figure 2.31: Cumulative Power in the Airy Disk of Figure 2.27
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2.10 Post-Processing
2.10.1 Technique and Calculations
Refractive index is calculated from THz measurements as described in Section 2.8.1.
Next, a projective planar transformation is applied to an optical photograph for image
superposition as shown in Figure 2.32, accounting for variations in orientation and
position of the optical camera. For the projective transformation, six corresponding
points were chosen between the optical and THz images. Most of the image processing
was done with Matlab and the Image Processing Toolbox. Sample 7A is used as an
example in this section.
(a) Optical (b) Optical and THz (c) THz
Figure 2.32: Superimposed Optical and THz Images
The discrete-position measurement technique is used to produce images such as the
rightmost image of Figure 2.32. Smoothened versions of these images, which can be
seen in the results section and in Figure 2.33, are created with spline interpolation
for aesthetics and ease of comparison with optical images. Suggestions for a more-
advanced interpolation technique are provided in Section 5.3.
44
Figure 2.33: Spline Interpolation
A mask is created to exclude those pixels which are not part of the medical sample.
The resolution matches the measurement grid, which is usually 20mm by 20mm.
Figure 2.34: O-Sample Mask
Cancerous regions are identied using histological micrographs which have been an-
notated by medical doctors. Histological micrographs are made into maps, which are
made into masks. Micrographs can be seen in Appendix D. Maps and masks can be
seen in the Results section and also in Figure 2.35. Cancer masks are regarded as the
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true references against which THz images must be compared.
Histology maps are made manually from micrographs with assistance from GNU
Image Manipulation Program (GIMP) software. Simple projective transformations,
of the type utilized for mapping THz images onto optical images, would have been
inadequate for correction of the multi-dimensional squashing and stretching that oc-
curs during the histology process. Masks are made by applying a color thresholding
algorithm to the maps.
(a) Histology Map (b) Cancer Mask
Figure 2.35: Map and Mask
Because cancer is the most reective of our tissue types, it suces to set some limit,
nthreshold, such that tissue is regarded as cancerous if nmeasured  nthreshold. As this
limit is varied, a succession of masks is created for comparison to the mask of Figure
2.35b.
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(a) nthresh = 0:98 (b) nthresh = 1:38 (c) nthresh = 1:46 (d) nthresh = 1:60 (e) nthresh = 1:71
Figure 2.36: Varying Refractive Index Threshold
The leftmost mask of Figure 2.36 has the lowest nthreshold and identies every pixel
as a cancerous region. By doing this, the system has coincidentally classied every
cancerous pixel as cancerous and so the true positive rate is 1. In other words, the
sensitivity is 1.
The rightmost mask of Figure 2.36 has the highest nthreshold and no cancer has been
identied. By doing this, the system has coincidentally classied every non-cancerous
pixel as non-cancerous and so the true negative rate is 1. In other words, the speci-
city is 1.
It is common to illustrate sensitivity and specicity using a receiver operating charac-
teristic (ROC) plot. The medical community requires false positive rate (FPR) along
the abscissa, which is equivalent to one minus the specicity. The refractive index
threshold has been mapped to a color scale.
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Figure 2.37: ROC with Color Mapping for nthreshold
These plots are useful when, for example, a doctor would like to know with 90%
certainty that a true test result will be correct. In the case of Figure 2.37, he would
know to set nthresh to about 1.45 by using the color code. At that operating point, he
would expect a 1   0:6 = 40% chance of a false test result being correct. However,
due to variations in refractive index values for the same tissue types across dierent
samples, the usefulness of setting nthreshhold using the ROC is limited.
A gure of merit for ROC plots is the area under the curve, sometimes called the
discrimination. Discrimination is closer to 1 for systems having coincidentally high
sensitivity and specicity.
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2.10.2 Animation
Each image has a range of power reectivity or refractive index values corresponding
to a color scale. Detail can be lost when the full range is displayed. One solution is
to animate, with all frames sharing the power reectivity range lower-bound but with
each subsequent frame having a higher upper-bound. A saturation color is shared by
all power reectivity values higher than the upper-bound. Figure 2.38 is an example
of this, containing still-frame captures from a video. The leftmost image has the
smallest range and the rightmost has the largest. In these frames, it can be seen that
Capture 4 has drowned out details that were clearly visible in Capture 2.
(a) Capture 1 (b) Capture 2 (c) Capture 3 (d) Capture 4
Figure 2.38: Animation Still-Frames
Still frames from the second animation technique are shown in Figure 2.36. Pixels
are highlighed as the refractive index threshold is swept from identifying everything
as cancerous to identifying nothing as cancerous. Animation is now seldom employed
because most of their contained information can be more-easily conveyed using a
color-coded ROC curve.
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CHAPTER 3
SPECIAL TOPICS
3.1 Quartz Thickness from Transmission Measurements
3.1.1 RIKEN Quartz
In this section, transmission measurements made available by the RIKEN Tera-
Photonics Laboratory in Japan [Lab11], are used to determine cover thickness.
Figure 3.1: RIKEN Quartz Transmittance by Wavenumber [cm 1]
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Although the Tera-Photonics Laboratory listed the thickness of their quartz, this
could have been determined from the transmission data itself. Peaks of Figure 3.1
correspond to frequencies for which the electrical length of the quartz is a multiple of
half-wavelengths. Consider two adjacent peaks. Where T is physical quartz thickness,
the rst peak must satisfy the half-wavelength constraint:
T = N

1
2

= N

0=n
2

= N

(c=f1)=n
2

=
Nc
2f1n
; (3.1)
f1 =
Nc
2nT
: (3.2)
The second peak will be at a frequency for which the physical thickness of quartz will
contain an additional half-wavelength:
f2 =
(N + 1)c
2nT
=
Nc
2nT
+
c
2nT
: (3.3)
Physical thickness may be expressed in terms of frequency dierence:
f2   f1 = c
2nT
; (3.4)
T =
c
2n4 f : (3.5)
If it seems counterintuitive that resolving a thick piece of quartz is more dicult than
resolving a thin piece, it may help to consider the subtle dierence between f and f .
Whereas small f would generally be easier to resolve, small f is just the opposite.
Equation 3.5 may now be applied to the data of Figure 3.1. The average frequency
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interval between peaks is calculated and thickness is found to be close to 1mm as
given by the Tera-Photonics Laboratory:
f =
c(94cm 1   32:5cm 1)
25 periods
= 73:8GHz; (3.6)
T =
c
2nf
=
c
2(2:114)73:8GHz
= 0:96mm: (3.7)
3.1.2 Quartz of 0.475mm
A Michelson interferometer with a broadband globar source was used to make trans-
mission measurements, utilizing the same bolometer detector and motorized platforms
as the medical setup. Globar, a portmanteau of glow and bar, is a thermal radiation
source with behavior approximating that of a Planck black-body. This interferomet-
ric apparatus had been assembled by another student for a thesis project [Mut11].
Measurements were rst taken with no quartz plate in the beam path. The mir-
ror of the Michelson interferometer was moved 6mm at 3ms 1. The optical path
length (OPL) therefore changed by 12mm, from which a resolution of 25GHz was
obtained using
f =
c
OPL
=
3  108ms 1
12mm
= 25GHz; (3.8)
which follows from the fundamental relation f = c=, or Mf = c=M. For the inter-
ferometer to measure Mf , the OPL must be at least M.
The maximum frequency for which the result might be meaningful is one half of
the sampling frequency in accordance with the Nyquist criterion:
Fs =

samples
meter
 
meters
second

=
55000
12mm
 3  10
8m
s
= 1375THz; (3.9)
Fmax =
Fs
2
= 688THz: (3.10)
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From (3.10) it is clear that our 1.89THz frequency of interest would not be hampered
by the sampling rate. The precise power spectrum of the globar was not known and
was assumed to be uniform. Atmospheric attenuation of the beam was also considered
to be uniform. A 103m (2.91THz) low-pass lter was placed in front of the detector
for this and all subsequent measurements. Position and power were recorded as shown
in Figure 3.2.
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540
Mirror Position [mm]
Figure 3.2: Transmission Calibration (Spatial Domain)
The 55000 samples, although somewhat evenly spaced, were not collected at constant
distance intervals. To remedy this, the data were re-aligned using linear interpolation
before application of a Fast Fourier Transform (FFT). The result is as shown in Figure
3.3.
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Figure 3.3: Transmission Calibration (Frequency Domain)
A quartz plate of 0.475mm was then placed in front of the detector. Using the same
procedure as for the calibration measurements, the power spectrum was found as
shown in Figure 3.4.
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Figure 3.4: Thin Quartz Transmission
Figure 3.5 is a normalized plot created by dividing quartz transmission by empty
space transmission. A low-pass lter has been applied to the result.
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Figure 3.5: Normalized Thin Quartz Transmission
Taking the average spectral distance between amplitude maxima as 147GHz, the
quartz thickness is found to be 19.0mil, which is close to the manufacturer specied
value of 18.7mil (0.475mm):
f =
2:5795THz  1:401THz
8 periods
= 147GHz; (3.11)
T =
c
2nf
=
c
2(2:114)147GHz
= 0:483mm = 19:0mil: (3.12)
The spectral waveform of Figure 3.5 does not trend downward like the plot of Figure
3.1. This might be because RIKEN was measuring fused quartz, which is lossier than
the single-crystal quartz of our setup.
3.1.3 Quartz of 1.9113mm
The normalized power spectrum for the quartz which would eventually become our
sample cover is shown in Figure 3.6.
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Figure 3.6: Normalized Thick Quartz Transmission
Peaks of Figure 3.6 are not periodic and so T cannot be calculated using our technique.
This might be because the system's 25GHz frequency resolution is not small enough,
or, equivalently, that the waveform has been eectively undersampled in the frequency
domain. Knowing the thickness to be roughly 2mm, the required resolution is
f =
c
2nT
=
c
2(2:114)0:002
= 35:5GHz: (3.13)
From (3.13), system resolution should not be a problem. However, true resolution
may be higher than 25GHz due to practical considerations such as non-perfect normal
incidence of the beam onto the quartz plate, which can produce an eect known as
Fabry-Perot walko [Gol98].
3.2 Attenuation Constants from Transmission Measurements
Section 2.4.2 approximates loss tangent as the ratio of imaginary to real dielectric con-
stant according to the values of Brehat et al. [BW97]. The derivations of this section
were created before realizing that refractive index was available in the THz literature
as a complex value. In this section, transmission measurements of 1mm quartz, as
made available by the RIKEN Tera-Photonics Laboratory in Japan [Lab11], are used
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in the derivation of attenuation constants. The RIKEN data is as shown in Figure
3.1 on page 50.
The transmission data were adapted to match input parameters of Agilent ADS soft-
ware, which accepts an attenuation parameter, , in dimensions of decibels per meter.
This adaptation begins with the complex propagation constant, , a solution to the
fundamental wave equation:
52 E  2 E = 0; (3.14)
  jk = j 2
e
= j
!
vp
= j!
p
": (3.15)
Real and imaginary parts of permittivity are separated for a refactoring of :
"  "0 + j"00; (3.16)
 = j!
p
" = j!
p

p
"0 + j"00 = j!
p
"0
r
1 + j
"00
"0
: (3.17)
p
1 + j"00="0 may be approximated by the rst two terms of its binomial series when
"0  "00 [Ula01, page 278]. The appropriate binomial series expansion [Coo49] is
(1 + x) = 1 +  x+
 (   1)
2!
x2 + : : : (3.18)
)

1 + j
"00
"0
 1
2
 1 +

1
2

j
"00
"0

= 1 + j
"00
2"0
: (3.19)
The complex propagation coecient is now segregated into real and imaginary parts
where the real part is attenuation constant:
  j!
p
"0

1 + j
"00
2"0

= j!
p
"0   !
p
"0

"00
2"0

; (3.20)
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 = jRefgj  !
p
"0

"00
2"0

: (3.21)
Renements are made by substitution of wavenumber, k0 = !=c, and refractive index,
n  p"r0, where " = "r"0. Also, for quartz,   0:
  !
p
"0

"00
2"0

=
!"r
00"0
2
r
0
"r0"0
=
!"r
00
2
p
"00p
"r0
=
!"r
00
2c
p
"0r
 k0"r
00
2n
: (3.22)
For non-conducting media, "r
00 is made to disappear from the formula for :
tan  =
"00 + (=!)
"0
 "r
00
"0r
; (3.23)
"r
00  "r0 tan   n2 tan ; (3.24)
  k0"r
00
2n
 k0(n
2 tan )
2n
=
k0n
2
tan  =

e
tan : (3.25)
The solution for loss tangent begins with the characteristic loss equation, where C is
eld amplitude as a function of z. This is a variation of the Beer-Lambert Law, which
states that there is a logarithmic dependence between transmissivity and absorption
coecient:
C = C0e
 z = C0e
 


e
tan 

z
; (3.26)
tan  =  e
z
ln

C
C0

: (3.27)
The RIKEN data provides transmittance as a function of wavenumber, , requiring
conversion from eective wavelength.  diers by the traditional wavenumber, k, by
a factor of 2n:
  1
0
; (3.28)
e =
0
n
=
1
n
: (3.29)
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Loss tangent may now be expressed with known values, replacing C=C0 with trans-
mittance, T :
tan  =
 e
z
ln (T ) =
  ln (T )
nz
: (3.30)
The attenuation constant has dimensions of [Np/m] but must be [dB/m] for the
simulator. The correction constant, as already derived in Section 2.4.2, is
D = N

1
20 log10 e

: (3.31)
The expression for attenuation coecient in terms of known values is
 =

1
20 log10 e

k0n
2
  ln (T )
nz

dB
m

(3.32)
=

2n
40 log10 e
  ln (T )
nz

=
  lnT
z (20 log10 e)
: (3.33)
Numerical values may now be assigned to the variables. Quartz is uniaxially anisotropic,
meaning that the crystal structure has an axis of symmetry with no equivalent axis in
the perpendicular plane. Because of this, parallel and perpendicular components of
incident radiation encounter slightly dierent indices of refraction called ordinary and
extraordinary [Nye57]. Typically one would need to consider both refractive indices
in an eect known as birefringence. However, by using a narrow incident laser beam
parallel to the axis of symmetry (z-direction) of z-cut quartz, we may consider only
the ordinary refractive index. According to Brehat et al., ordinary refractive index
for quartz at 1.89THz and 300K is approximately 2.114 [BW97]. At 1.89THz,  is
63:29cm 1 and T is 0.35 when z is 1mm. The loss tangent and attenuation constant
may now be evaluated:
tan() =
  ln(0:35)
(2:114)(6329)10 3
= 0:0250; (3.34)
59
 =
  ln 0:35
10 3 (20 log10 e)
= 121

dB
m

: (3.35)
There is a discrepancy between loss tangent as calculated here and loss tangent as
calculated in Section 2.4.2. This is likely because the Tera-Photonics Laboratory
was measuring fused quartz and Brehat et al. were measuring single-crystal quartz.
Because of the experimental results of Section 3.1, our quartz is believed to be single-
crystal.
Loss tangent has been calculated from a single point on the transmission plot. How-
ever, (3.30) suggests that the trend of the transmission curve might also yield that
information. Transmission may be expressed as an exponential equation, where
b =  nz tan :
T = Aebi = eaebi : (3.36)
A least squares method may be used to solve for a and b. First, a natural logarithm
is applied to both sides:
lnT = a+ bi: (3.37)
Error is minimized by taking derivatives with respect to a and b:
SquaredError =
X
(lnTmeasured   lnTmodel)2 =
X
(lnTi   (a+ bi))2; (3.38)
d(SquaredError)
da
= 2
X
(( 1)(lnTi   a  bi)) = 0; (3.39)X
lnTi = Na+ b
X
i; (3.40)
d(SquaredError)
db
= 2
X
(( i)(lnTi   a  bi)) = 0; (3.41)X
i lnTi = a
X
i + b
X
i
2: (3.42)
Equations 3.40 and 3.42 are combined into a more convenient matrix notation,
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26664a
b
37775 =
26664 N
P
iP
i
P
i
2
37775
 1 26664
P
lnTiP
i lnTi
37775 : (3.43)
Loss tangent was evaluated using a range of  for which n would be reasonably con-
stant. We chose to regard n as 2.114 for 50cm 1 to 70cm 1. To create numerical
data from the RIKEN graph image, software called Engauge Digitizer was used (dig-
itizer.sourceforge.net). a and b were found to be 0.2728 and  1:978  10 4m. The loss
tangent is
tan  =
b
nz
=
 1:978  10 4m
(2:114)10 3m
= 0:03: (3.44)
This is comparable to the 0.025 loss tangent value from considering transmission at
only a single wavenumber.
3.3 Logistics and Practical Medical Sample Concerns
Clinical samples are transported from The University of Massachusetts Medical School
(UMMS) in Worcester to UMass Amherst for THz processing while preserved in the
cassette of Figure 3.7 and submerged in saline solution. After measurement, the
samples are placed once more in the cassette, submerged in formalin, and sent to a
laboratory for histological analysis. The sample is generally in saline for 1 or 2 days
before measurement. Also, the samples are refrigerated while at UMass Amherst.
During measurement, the sample must be in the sample holder of Section 2.5.1 for
anywhere from 45 minutes to several hours.
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Figure 3.7: Transport Cassette
There are dierences between the THz responses of fresh and necrotic tissue as doc-
umented by Png et al. [PCN+08]. Two ways of preserving samples without protein
xing are saline submersion and Hank's buer submersion. Hank's buer is a glucose-
enriched buer that approximates the environment that tissue would encounter in-
vivo. We chose to use saline, which is commonly used at UMMS.
Too much time in saline destroys medical samples. Interestingly, the deterioration
seems to happen in two opposite ways. One sample which had been in saline for more
than a week turned soft and gelatinous. A similar sample, which had been in saline
for the same amount of time, became harder.
One approach to the necrosis and saline problems is preservation of tissue in formalin.
Formalin does what is known as cross linking of proteins, which prevents decompo-
sition that could aect THz measurements [BG]. However, analysis of formalin-xed
samples might not be useful in regard to the eventual goal of having an operating
room device.
Residual hydration is another concern. Since it is supposed that water is the bio-
marker, the manner in which samples are handled before THz measurement is crit-
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ical to consistent measurement results. This problem is further complicated by the
fact that dehydration rates vary according to tissue type, with denser tissues drying
more slowly [KSKO+02]. One solution is lyophilization or freeze-drying [PCN+08].
Lyophilization preserves freshness while removing water. However, this would be im-
practical for the eventual goal of operating room use and dicult or impossible to
use with the necessary quartz sample cover.
3.4 Surface Roughness Compensation
Because the system measures reected power, it cannot distinguish between rough
reective surfaces and at absorptive surfaces. There must then be some method for
eliminating or compensating for surface roughness. Compensation would be dicult
because dierent tissue types generally have dierent surface textures. We have cho-
sen, instead, to use a at and rigid cover which is transparent to THz (see Section 2.4).
This section presents a preliminary attempt to compensate for surface roughness us-
ing the Ruze equation [Ruz66]. The Ruze equation was originally applied to reector
tolerance theory. In particular, it was meant to model errors introduced by imperfect
reective elements in large antenna structures. To use this model, we consider medi-
cal sample surface aberrations as antenna element misalignments. Our application of
the Ruze equation is similar to that of Cortes-Medelln and Goldsmith [CMG94] but
is simpler because it does not take into account the f-number of the reector. The
Ruze equation is
 (z) =  0(z)e
 2
"
1 +
%2
Ap
1X
n=0
(2)n
nn!
#
; (3.45)
where  (z) is aperture eciency,  0(z) is the aperture eciency of a perfectly smooth
perfect reector, Ap is the physical aperture of the antenna, % is the correlation of the
phase error distribution, & is root mean square (RMS) height, and  is RMS phase
error:
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 =
4&

: (3.46)
To test the eectiveness of the Ruze equation for our purpose, we used sandpaper for
which surface roughness values were already available from a prolometer application
note [Bel10]. The documentation included RMS height values for six dierent sand-
paper grits. Sandpaper industry specications are dened in ANSI B74.12. Basically,
grit number is the number of holes per inch on a sieve. As grit number increases, the
surface roughness decreases.
Grit 60 100 120 150 180 220
RMS Height [m] 83.82 41.05 31.18 22.17 22.49 18.54
Table 3.1: Surface Roughness by Grit
The ratio of  to  0 was calculated for each of the sandpaper grits by taking corre-
lation, %, as zero. By doing this, our model became the Kircho approximation used
by Jagannathan et al., who measured beadblasted metallic surfaces [JGG09].
Measurements were taken of six aluminum slabs which had been abraded with sandpa-
per. The sandpaper was not measured directly because, with our system in its prelim-
inary state, there was not enough reected power. One hundred point-measurements
were averaged from dierent locations on the same piece of aluminum. Measurements
and calculations were compared as can be seen in Figure 3.8. There is an estimated
scaling factor of 4.75 because sandpaper is made of cardboard, adhesive resin, and
aluminum oxide rather than the roughened aluminum of our samples.
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Figure 3.8: Test of Ruze Equation
Another measurement technique would be to deposit a thin layer of metal on the
sandpaper surface. This would circumvent the question of whether the roughness of
a marred surface is the same as that of the sandpaper used to do the marring.
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CHAPTER 4
RESULTS
.
4.1 Non-Medical Samples and Phantoms
Initially, phantom materials allowed for testing and development of the system with-
out using valuable medical samples. Although there is no reliable absolute reectivity
scale for these preliminary measurements, blue corresponds to low reectivity and red
corresponds to high reectivity.
(a) Photo (b) THz
Figure 4.1: Bacon Discrete-Position Measurement
Small reective markers were sometimes used as spatial registration tools. Below, a
small piece of metal has been placed on a slice of sandwich meat. These images also
show the white adipose sections reecting less than the more-brous bologna sections.
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(a) Photo (b) THz
Figure 4.2: Mortadella Continuous-Velocity Measurement
Unsuccessful attempts were made to reproduce the synthetic phantoms described
by Sadleir et al. [SNTT09]. Their recipes included the oil-derived TX-151 powder
(formerly marketed in putty form as Super Stu by Wham-O Toys), sucrose, agar,
and salt. These phantoms were dicult to work with { drying quickly and changing
size and shape as they dried.
4.2 Individual Medical Sample Results
The measurement system has been in a state of evolution throughout the project.
THz results for the rst four samples were not sucient to assess cancer detection
capability. However, Sample 2 is included in this section to demonstrate a typical
preliminary result. It was only after these preliminary samples that the nal quartz
cover, dual detector setup, and mature calibration and post-processing methods were
in-place. Due to problems with the chilled water supply, which is necessary for laser
operation, the fth and sixth samples spent too much time in saline and had to be
wasted. Usable results began with the seventh medical sample. Only one side of each
specimen received THz and histological analysis.
Sample 7 and all subsequent medical samples contained cancer. Marked and un-
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marked histology slides for those samples are available in Appendix D. Image creation
techniques are explained in Section 2.10.
4.2.1 Sample 2B
The bolometer was used to detect the THz beam being modulated at 111.4Hz.
Continuous-velocity measurements were taken at 1mm/s with a 0.5mm distance in-
terval between rows and a 20ms amplier time constant. The measurement area is
20mm square. This was the typical conguration for early measurements.
(a) Photo (b) THz
Figure 4.3: Medical Sample 2B
In Figure 4.3, the general sample shape is outlined. Although vertical striations in
the THz image may suggest dierent tissue types, results from this and other early
specimens were inconclusive.
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4.2.2 Sample 7A
The mean refractive index value of cancerous pixels for Sample 7A was 1.523. From
Table 2.3 on page 37, one would expect that value to be higher. One possible ex-
planation is low sample hydration, although no note was taken of the sample being
unusually dry. The minimum refractive index of 1, associated with dark blue, corre-
sponds to air under the sample cover.
There are powerful THz reections along the sample's right edge which do not fully
correspond with carcinoma as identied by histologists. Although not easy to see in
the optical image, there were strands of dense brous tissue throughout that region.
White regions in the optical image of Figure 4.5 are collagenous stroma, which is
brous and therefore reects more THz. Figure 4.6 shows that carcinoma is mostly
restricted to the collagenous stroma regions.
Yellow regions in the optical image are mostly adipose tissue, which is generally
less reective than brous and cancerous tissues. Cancer in the lower-left adipose
tissue region was not well-detected by THz, possibly because spatial resolution of the
beam was too large.
The ROC plot of Figure 4.7 has a discrimination value of 72%.
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Figure 4.4: THz Image, 7A
Figure 4.5: Optical and THz Comparison, 7A
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(a) Histology Map (b) Cancer Mask
Figure 4.6: Cancer Locations, 7A
Figure 4.7: ROC colored by nthreshold, 7A
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The discrimination value would have been substantially higher if not for two regions.
Sensitivity would have increased if the area marked with A in Figure 4.8 had been
identied as cancerous by histology. Likewise, specicity would have increased if the
area marked with B in Figure 4.9 had been identied as non-cancerous by histology.
Figure 4.8: Refractive Index of Non-Cancerous Areas, 7A
B
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1.7
Figure 4.9: Refractive Index of Cancerous Areas, 7A
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4.2.3 Sample 8A
The mean refractive index value of cancerous pixels for Sample 8A is 1.705, which is
less than that of non-cancerous pixels (1.717).
As can be seen by comparing Figures 4.11 and 4.12, there are many strong THz
reections that do not correspond to carcinoma as identied by histologists.
The discrimination of the ROC plot of Figure 4.13 is 45%, which is roughly equivalent
to random guessing. It is unknown why 8A was the only sample to give a discrimina-
tion value of less than 70%. One possibility is that the tissues measured by the THz
setup were shaved-away during the histological micrograph preparation.
73
Position [mm]
Po
sit
io
n 
[m
m]
5 10 15 20
2
4
6
8
10
12
14
16
18
20
1.4
1.5
1.6
1.7
1.8
1.9
Figure 4.10: THz Image, 8A
Figure 4.11: Optical and THz Comparison, 8A
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(b) Cancer Mask
Figure 4.12: Cancer Locations, 8A
Figure 4.13: ROC colored by nthreshold, 8A
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4.2.4 Sample 9A
As can be seen by comparing Figures 4.15 and 4.16, there are strong THz reections
which do not correspond to carcinoma as identied by histologists, particularly in
the upper-right corner. The brown spot in the optical image was highly reective to
THz (see position (16mm, 15mm)) although it was noncancerous. The spot suggests
tissue trauma such as a needle biopsy.
White regions in the optical image of Figure 4.15 are collagenous stroma, which
is brous and therefore reects more THz. By comparison of the left and right im-
ages of that gure, it is clear that THz reections are high for the collagenous stroma
regions, with the exception of a low-reectivity spot near the center of the carcinoma.
It is possible that the sample had peeled away from the sample cover at that location.
Yellow regions in the optical image are mostly adipose tissue, which is generally
less reective than brous and cancerous tissues. However, there are strong THz re-
ections in the adipose region of the upper-right part of the sample. The reason for
this is unknown.
The discrimination of the ROC plot in Figure 4.17 is 78%.
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Figure 4.14: THz Image, 9A
Figure 4.15: Optical and THz Comparison, 9A
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(a) Histology Map (b) Cancer Mask
Figure 4.16: Cancer Locations, 9A
Figure 4.17: ROC colored by nthreshold, 9A
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4.2.5 Sample 10A
The mean refractive index value for the cancerous pixels of Sample 10A is 1.956,
which is close to the expected value of 1.97 in Table 2.3.
As shown in Figure 4.19, there are strong THz reections in the space around the
sample. This is probably due to droplets of saline clinging to the underside of the
quartz cover. Another possibility might be Fabry-Perot eects under the cover.
Yellow regions in the optical image are mostly adipose tissue. As expected, adipose
regions in the lower-right clearly reects less THz. However, a signicant amount of
radiation is reected from adipose in the lower-left region.
The discrimination of the ROC plot in Figure 4.21 is 76%.
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Figure 4.18: THz Image, 10A
Figure 4.19: Optical and THz Comparison, 10A
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(a) Histology Map (b) Cancer Mask
Figure 4.20: Cancer Locations, 10A
Figure 4.21: ROC colored by nthreshold, 10A
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4.2.6 Sample 11A
Samples 11 and 12, unlike the previous samples, were stored in formalin for about
two weeks before imaging.
The THz image, optical and THz comparison, histology map and cancer mask, and
ROC for Sample 11A are shown in Figures 4.23, 4.24, 4.25, and 4.26, respectively.
The discrimination of the ROC plot of Figure 4.26 is 71%. This value would have
been higher if the region labeled as A in Figure 4.22 had been identied as cancerous
by histology.
Figure 4.22: Refractive Index of Non-Cancerous Areas, 11A
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Figure 4.23: THz Image, 11A
Figure 4.24: Optical and THz Comparison, 11A
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(b) Cancer Mask
Figure 4.25: Cancer Locations, 11A
Figure 4.26: ROC colored by nthreshold, 11A
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4.2.7 Sample 12A
The THz image, optical and THz comparison, histology map and cancer mask, and
ROC for Sample 12A are shown in Figures 4.27, 4.28, 4.29, and 4.30, respectively.
The discrimination of the ROC plot of Figure 4.30 is 73%.
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Figure 4.27: THz Image, 12A
Figure 4.28: Optical and THz Comparison, 12A
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(a) Histology Map (b) Cancer Mask
Figure 4.29: Cancer Locations, 12A
Figure 4.30: ROC colored by nthreshold, 12A
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4.3 Combined Medical Sample Results
A compound ROC was made by using compound refractive index images and masks
as shown in Figure 4.31, then using the same post-processing technique for those les
as for the individual sample les of the previous section. All medical samples of the
previous section were used, excluding the preliminary Sample 2B.
Figure 4.31: Compound Normalized Refractive Index, O-Sample Mask, and Cancer
Mask for Samples 7A, 8A, 9A, 10A, 11A, and 12A
Refractive index was normalized across samples by subtracting respective means and
dividing by respective standard deviations. Consequentially, there is no valid refrac-
tive index color mapping in the ROC of Figure 4.32. Lack of valid refractive index
thresholds across multiple samples is a problem that remains to be solved, as discussed
in the Conclusions section.
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Figure 4.32: Compound ROC (72% Discrimination)
Figure 4.33 illustrates the refractive index range inconsistency by showing the six
medical samples and their isolated cancerous regions on the same color scale.
Figure 4.33: Refractive Index Range Inconsistency Across Samples 7A, 8A, 9A, 10A,
11A and 12A (Left to Right)
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By collecting the cancerous and non-cancerous pixels from the six normalized images,
distributions can be plotted to illustrate the diculty level with which each pixel may
be classied. The probability mass function (PMF) of the combined result is shown
in Figure 4.34 and PMF for individual samples are available in Appendix C. Mean
values for pixel distributions are in Table 4.1
Figure 4.34: Distribution of Cancerous and Non-Cancerous Pixels
Sample Mean of Cancerous Pixels Mean of Non-Cancerous Pixels
7A 1.523 1.452
8A 1.705 1.717
9A 1.674 1.572
10A 1.956 1.882
11A 1.912 1.772
12A 1.740 1.614
Table 4.1: Mean Values of Cancerous and Non-Cancerous Pixel Refractive Indices
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CHAPTER 5
CONCLUSIONS
5.1 Contributions of this Project
An apparatus has been designed and built which uses power reectivity measure-
ments at 1.89THz to locate cancer in excised human tissue samples. Using original
techniques, this system is able to provide absolute refractive index values of medical
specimens. It is hoped that this work will contribute to the long-term goal of helping
patients.
5.2 Evaluation of System Capability
One way of summarizing the eectiveness of this imaging setup is with discrimination
values from the receiver operating characteristic (ROC) curves as presented in the
results section and as summarized in Table 5.1. These values are comparable to the
THz imaging results of other researchers [FPP+12]. For clinical usage, our collabo-
rators at the University of Massachusetts Medical School recommend specicity and
sensitivity values of at least 90%. This requirement is roughly equivalent to a 90%
discrimination value as could be demonstrated with an ROC plot composed of two
line segments.
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Sample Discrimination
7A 72%
8A 45%
9A 78%
10A 76%
11A 71%
12A 73%
Table 5.1: ROC Discrimination
Other conclusions that may be drawn from the results section include the following:
1. Refractive index thresholds vary between samples, possibly because the samples
weren't handled and prepared identically. However, nthresh was dierent for 9A
and 10A although they were excised together and imaged consecutively. For a
90% sensitivity level, nthresh would be 1.55 for Sample 9A but 1.9 for 10A.
2. The system has trouble identifying cancer in the surface of adipose tissue, as
evident from analysis of Sample 7. The solution for this problem is not clear,
although making the beam width smaller to nd small embedded cancerous
regions could be helpful.
3. The system has trouble dierentiating carcinoma from benign dense brous
tissue, as implied by Sample 8 results. This is because, as can be seen in Table
2.3, these tissues have refractive index dierences of only a few percent. A
solution to this problem might be to increase the signal-to-noise ratio of the
system, for which some ideas are presented in Section 5.3.
4. Another complication, evident from analysis of Sample 9, is the false identica-
tion of needle biopsy necrotic fat as cancer tissue.
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5.3 Future Work Suggestions
Seven suggestions for future work include additional continuous-velocity measure-
ments, quartz surface normalization, polarization measurements, additional phantom
experiments, additional measurements of ethanol solutions, measurements at multiple
discrete frequencies, and normalization of hydration dierences between samples.
1. There are ltering techniques that can use the point spread function (PSF)
to improve the THz images, two of which are the Wiener-Kolmogorov and
Richardson-Lucy algorithms. These would be especially useful if the current
setup were adapted to use the continuous-velocity measurement technique, which
could collect thousands of points rather than the current discrete-position mea-
surement grid of 400 points for a 20mm by 20mm sample.
With the modulation frequency set to 10Hz, there is some doubt as to whether
continuous-velocity measurements could be accomplished in a practical amount
of time. However, modulation frequency, platform velocity, and time constant
could be experimentally adjusted in the mature setup. If necessary, the py-
roelectric detector could be replaced with a detector having a faster response.
Another possibility is a double modulation scheme in which low and high modu-
lation frequencies, for accommodation of both detectors, would be simultanously
present.
2. A technique could be devised for the normalization of potential quartz surface
aberrations. Figure 2.10 shows that, at our operating point, a dierence of only a
few tens of micrometers could signicantly eect measurements. Unfortunately,
sample cover position and orientation have not been consistent and so this could
not easily be retroactively applied.
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3. The system might be modied to measure polarization of the reected beam.
This type of work was done at optical frequencies by Patel et al. [PKW+12].
4. It is possible that the TX-151 recipes did not work because the system was in
an immature state. This could be revisited.
5. Ethanol and water solutions, each having a known dielectric constant as ex-
plained in Section 2.8.2, could be measured for verication or enhancement of
the refractive index mapping in Section 2.4.2. Multiple measurements could be
made within the medical sample ranges.
6. Measuring samples at multiple discrete frequencies might improve tissue char-
acterisation. Such a multiple parameter space might be conceptually similar to
the work of Fitzgerald et al. [FPP+12].
7. The system combines two calibration techniques. Absolute values are found
by calibration with a piece of silicon and uctuations of the laser source are
normalized by using two detectors simultaneously. A third calibration scheme
might be included to account for hydration dierences across samples. This
might involve timing various sample preparation phases or somehow measuring
sample hydration immediately before THz measurement.
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APPENDIX A
MECHANICAL DEFLECTION OF THE SAMPLE COVER
A simple way of providing a value of deection for the quartz sample cover is to use
the 3-point deection model as illustrated in Figure A.1.
Figure A.1: Three-Point Beam Deection
The deection, , is
FL3
48EI
; (A.1)
where F is the applied force, L is the span length of the beam, E is Young's modulus,
and I is the beam's moment of inertia [GG11]. The moment of inertia is dependent
only upon the dimensions of the beam. For a rectangular beam
I =
bh3
12
; (A.2)
where b is the length of the cross-sectional dimension which is perpendicular to the
plane of Figure A.1 and h is the length of the cross-sectional dimension which is ver-
tical in the plane of Figure A.1 [GG11].
For a quartz window of 3cm by 3cm by 2mm, the moment of inertia is 3cm(2mm)3=12 =
2:00 10 11m4. The Young's modulus of quartz is roughly 70 109kgm 1s 2. Equation
A.1 can be rearranged to express the applied force which would be required for a
deection of 1m:
F =
48EI
L3
=
(1m)48(70  109kgm 1s 2)(2  10 11m4)
(3cm)3
= 2:5N: (A.3)
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APPENDIX B
PRELIMINARY SIMULATOR
To calculate attenuation as a function of distance below a surface, a model based on
transmission line equations was created. Figure B.1 can be considered as a transmis-
sion line with the input at the bottom and a load at the top. Whether the input is
considered to be at the top or bottom is inconsequential because of the reciprocity
theorem [Har01].
Figure B.1: Transmission Line Model
The characteristic impedance, Z, of the load and each layer must be calculated from
material parameters:
Z =
j!

[Poz05; eqn 1:102]; (B.1)
 = j!
p
"
r
1  j 
"!
[Poz05; eqn 1:60]: (B.2)
If conductance can be approximated as zero, impedance is
Z =
r

"
: (B.3)
Since the load is at the top, ZL is the impedance of air, which is approximately the
impedance of free space:
ZL =
r
0
"0
: (B.4)
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The impedance of the rst layer, Z0, can be calculated from (B.3). Knowing ZL and
Z0, eld reection coecient for the Surface Reection is
 surface =
ZL   Z0
ZL + Z0
: (B.5)
Field reection coecient can be expressed as a function of distance, z, below the
surface:
  (z) =  surfacee
 2z[Poz05; eqn 2:90]: (B.6)
Using (B.6), input power may also be expressed as a function of z:
Pin =
jV +0 j2
2Z0
 
1  j  (z)j2 e2z[Poz05; eqn 2:92]: (B.7)
Power gain is the ratio of input power at the surface to input power at any particular
depth. For example, if thickness of the rst layer were `, power gain at the interface
between the rst and second layers would be
Gpower =
jV +0 j2
2Z0
(1  j  (0)j2) e20
jV +0 j2
2Z0
(1  j  (`)j2) e2`
=

1  j surfacej2
1  j (`)j2

e 2`: (B.8)
Input impedance at the interface of the rst and second layers would become the new
load impedance. Impedance of the second layer would become the new Z0:
ZLnextIteration = Zin = Z0

ZL + Z0 tanh (`)
Z0 + ZL tanh (`)

; (B.9)
Z0nextIteration =
r
nextDeeperLayer
"nextDeeperLayer
: (B.10)
This process could iterate for any number of layers.
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APPENDIX C
REFRACTIVE INDEX DISTRIBUTIONS
This section contains probability mass functions (PMF) for the cancerous and non-
cancerous refractive indices of each medical result.
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Figure C.1: Probability Mass Function, 7A
Figure C.2: Probability Mass Function, 8A
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Figure C.3: Probability Mass Function, 9A
Figure C.4: Probability Mass Function, 10A
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Figure C.5: Probability Mass Function, 11A
Figure C.6: Probability Mass Function, 12A
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APPENDIX D
HISTOLOGY SLIDES
This section contains large-scale histology slides. White areas generally indicate fatty
regions. Cancer cells are blue as a result of a process incorporating hematoxylin
and eosin dyes, which bind based on tissue pH levels [Hol12]. Traces of green dye
are remnants of marker ink and have nothing to do with tissue type. Each of these
samples contains carcinoma which is outlined in the marked images. Some slides
also have outlines around the entire sample, which are meant to mark the sample
boundary and not a cancerous region.
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Figure D.1: 7A Histology Slide
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Figure D.2: 7A Marked Histology Slide
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Figure D.3: 8A Histology Slide
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Figure D.4: 8A Marked Histology Slide
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Figure D.5: 9A Histology Slide
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Figure D.6: 9A Marked Histology Slide
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Figure D.7: 10A Histology Slide
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Figure D.8: 10A Marked Histology Slide
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Figure D.9: 11A Histology Slide
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Figure D.10: 11A Marked Histology Slide
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Figure D.11: 12A Histology Slide
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Figure D.12: 12A Marked Histology Slide
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